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A B S T R A C T   
Paratuberculosis is a chronic bacterial infection of the intestine in cattle caused by Mycobacterium avium sub-
species paratuberculosis (Map). To better understand Map transmission in Irish dairy herds, we adapted the French 
stochastic individual-based epidemiological simulation model to account for seasonal herd demographics. We 
investigated the probability of Map persistence over time, the within-herd prevalence over time, and the relative 
importance of transmission pathways, and assessed the relative effectiveness of test-and-cull control strategies. 
We investigated the impact on model outputs of calf separation from cows (calves grazed on pasture adjacent to 
cows vs. were completely separated from cows) and test-and-cull. Test-and-cull scenarios consisted of highly test- 
positive cows culled within 13 or 4 weeks after detection, and calf born to highly test-positive cows kept vs 
removed. We simulated a typical Irish dairy herd with on average 82 lactating cows, 112 animals in total. Each 
scenario was iterated 1000 times to adjust variation caused by stochasticity. Map was introduced in the fully 
naive herd through the purchase of a moderately infectious primiparous cow. Infection was considered to persist 
when at least one infected animal remained in the herd or when Map was present in the environment. 
The probability of Map persistence 15 years after introduction ranged between 32.2–42.7 % when calves and 
cows had contact on pasture, and between 18.9–29.4 % when calves and cows were separated on pasture. The 
most effective control strategy was to cull highly test-positive cows within four weeks of detection (absolute 10 % 
lower persistence compared to scenarios without control). Removing the offspring of highly test-positive dams 
did not affect either Map persistence or within-herd prevalence of Map. 
Mean prevalence 15 years after Map introduction was highest (63.5 %) when calves and cows had contact on 
pasture. Mean prevalence was 15 % lower (absolute decrease) when cows were culled within 13 weeks of a high 
test-positive result, and 28 % lower when culled within 4 weeks. 
Around calving, the infection rate was high, with calves being infected in utero or via the general indoor 
environment (most important transmission routes). For the remainder of the year, the incidence rate was rela-
tively low with most calves being infected on pasture when in contact with cows. Testing and culling was an 
effective control strategy when it was used prior to the calving period to minimize the number of highly in-
fectious cows present when calves were born.   
1. Introduction 
Paratuberculosis is a chronic bacterial infection of the intestine in 
cattle caused by Mycobacterium avium subspecies paratuberculosis (Map). 
Paratuberculosis is endemic within the dairy sector worldwide (McA-
loon et al., 2019). It has an economic impact due to milk losses, early 
culling and increased mortality (Garcia and Shalloo, 2015). 
There are many challenges with paratuberculosis, for example, 
related to diagnosis and control (Barkema et al., 2018). Susceptibility 
reduces with age, and older animals are assumed to be resistant 
(Windsor and Whittington, 2010). Clinical signs (e.g., decreased milk 
production, weight loss, diarrhoea) usually do not appear until later in 
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life (after first calving), or are sometimes never observed (Mitchell et al., 
2015). Infected animals without clinical signs are difficult to diagnose 
because diagnostic tests have a poor test performance with 15–71 % 
sensitivity depending on the stage of infection (More et al., 2015; Bar-
kema et al., 2018). Thus, infected animals can be undetected in a herd 
while contributing to Map transmission within the herd. Transmission 
occurs in utero or via ingestion of milk or faeces containing Map. How-
ever, the relative importance of the main transmission pathways at farm 
level, and the drivers of transmission in different farming systems, are 
not yet fully understood. 
Simulation models are useful tools to study Map transmission and 
evaluate control options (Marcé et al., 2010). Previous modelling results 
have highlighted a large effect of farm management on Map trans-
mission for French herds with all-year-round calving; the level of 
exposure of calves to contaminated environments and the age at which 
calves are exposed to adults are especially important for transmission 
(Marcé et al., 2011a). 
In Ireland, the dairy system is pasture-based to optimally use grazed 
grass as the primary feed source for lactating cattle (Ramsbottom et al., 
2015). Therefore, more than 90 % of herds adhere to a compact spring 
calving period (Butler et al., 2010; Ramsbottom et al., 2015). Because of 
these seasonal herd demographics, the results of modelling Map trans-
mission in an all-year-round production system cannot be directly 
extrapolated to the Irish seasonal production system. 
To better understand Map transmission in Irish dairy herds, we used 
a stochastic individual-based epidemiological model accounting for 
seasonal herd demographics. We used this model to investigate the 
probability of Map persistence in a herd over time, the within-herd 
prevalence over time, and the relative importance of transmission 
pathways. We also assessed the relative effectiveness of various test-and- 
cull control strategies under two options for calf management on 
pasture. 
2. Material and methods 
To simulate Map transmission within an Irish dairy herd and to assess 
the relative impact of control strategies, we adapted the stochastic and 
individual-based model developed to simulate Map transmission within 
French dairy herds (Camanes et al., 2018). Both herd demographics and 
infection dynamics are considered in the model, which is fully described 
in Camanes et al. (2018). 
2.1. Herd demography 
Animals in a herd are divided into six age groups: newborn calves, 
unweaned calves, weaned calves, young heifers, bred heifers, and cows 
(Fig. 1). An animal moves to the next group at a defined age or time in 
the year. 
Adaptations were made to allow the model to represent a typical 
Irish spring calving dairy farm with associated management (Fig. 2) 
(Teagasc, 2016). Herd demographics were seasonal, with cows calving 
early in the year (February – beginning of April) (Supplementary ma-
terial, Figure S4) (Tratalos et al., 2017). The 50 % of calves born during 
the first three weeks of the calving season were assumed to be calves 
from dams bred to dairy bulls; the 50 % born later (i.e. after the 6th week 
of the year (from week 7)) were assumed to be calves from dams bred to 
beef bulls, these animals were sold at three weeks of age together with 
all the male calves (Shalloo et al., 2004). Milk production increased after 
calving and reached its peak around eight weeks in lactation (Quinn, 
2005) (Supplementary material, Figure S2). Cows that had calved were 
turned out to pasture from week 9 onwards (Bloemhoff et al., 2014; 
Ramsbottom et al., 2015). Heifers were turned out to pasture in week 11 
and calves in week 16. Cows were dried off and housed again at the end 
of November in week 45 (Bloemhoff et al., 2014; Ramsbottom et al., 
2015). Cows and heifers that were not in-calf were assumed to be culled 
after the grazing period (week 47) together with other cows and heifers 
destined for culling (Maher et al., 2008). Table 1 gives an overview of 
the parameter values for a typical Irish spring calving dairy herd. Details 
of all model parameters related to herd dynamics and management are 
in Supplementary material, Table S3. 
We simulated a typical Irish dairy herd with on average 82 lactating 
cows. We sampled the number of lactating cows from a normal distri-
bution with a mean of 82 and standard deviation of 4.1. At the start of 
the simulation, the herd (i.e., total number of stock on the farm) 
Fig. 1. Transmission model for Johne’s disease 
in an Irish spring calving dairy herd. Health 
states include susceptible (S), resistant (R), 
transiently infectious (IT), latently infected (IL), 
moderately infectious (IM), and highly infec-
tious (IH). Solid lines represent transitions be-
tween health states and dashed lines represent 
the contribution of Mycobacterium avium sub-
species paratuberculosis (Map) shed by infec-
tious animals to their respective local 
environment. Together, the amounts of Map in 
the local indoor environments make up the total 
amount of Map in the general indoor 
environment.   
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consisted of 62.8 % cows, 17.6 % bred heifers, and 19.6 % weaned 
calves. 
2.2. Map transmission 
Six health states are modelled: susceptible (S), resistant (R), tran-
siently infectious (IT), latently infected (IL), moderately infectious (IM), 
and highly infectious and possibly clinically affected (IH). Cattle up to 
one year of age are assumed to be susceptible to infection, with sus-
ceptibility decreasing exponentially with age (Supplementary material, 
Figure S1). Uninfected calves are assumed to be resistant to infection 
after one year. Animals in health states IT, IM, and IH are infectious and 
shed Map in their colostrum/milk and faeces, with the quantity shed 
depending on health state (Supplementary material, Figures S3 and S5). 
Map is transmitted via ingestion of colostrum/milk that is contaminated 
directly or indirectly with faeces, via an environment contaminated with 
faeces, or in utero which includes transmission during parturition. Two 
environment types were modelled, the local environment which can be 
either indoor or on pasture and the general indoor environment. Fig. 1 
gives an overview of the different animal groups and their contribution 
to the local and general indoor environments. Transmission via the local 
environment is defined as the risk posed by other animals held in the 
same place, indoors or on pasture, but not necessarily at the same time. 
Transmission via the general indoor environment is defined as the risk 
posed by other animals held indoors but not necessarily at the same 
place or time. The total amount of Map present in the general indoor 
environment is the sum of the amount of Map present in all local indoor 
environments, thus all infectious animals that reside indoors contribute 
to the contamination of the general indoor environment (Marcé et al., 
2011a, 2011b). For every week, 40.0 % of the Map load was removed 
from the indoor environment to represent the effect of cleaning manure. 
Similarly, Map load on pastures was reduced by 7.1 % per week to mimic 
the natural reduction. Indoor environments were additionally cleaned 
once after all animals had left their respective environments, e.g., the 
newborn environment was cleaned once after all calves have been born. 
This cleaning removed an additional 16.7 % of Map present in the 
environment. Details of all model parameters for processes related to 
Map transmission are in Supplementary material, Table S1. 
2.3. Map control 
We investigated the impact of three factors on Map persistence and 
transmission: calf separation (calves grazed on pasture in contact with 
cows, or calves grazed on pasture completely separated from cows), test- 
and-cull (highly test-positive cows culled within 13 weeks, or these cows 
culled within 4 weeks after detection), and calf disposal (keeping all 
calves from highly test-positive dams, or removing these calves). When 
there was contact between cows and calves on pasture, they were on 
adjacent pastures and while physically separated (Fig. 1), exchange of 
bacteria between their environments was considered possible. Under the 
programme of ‘testing and culling’, a serum ELISA to detect Map anti-
bodies was performed on all animals older than 2 years of age. The 
specificity of the test assumed was 0.985 and the sensitivity assumed 
was 0.15 for IT and IL, 0.47 for IM and 0.71 for IH animals (More et al., 
2015). Test-and-cull was performed yearly on all animals >2 years of 
age (cows) during week 1 of the year (reference scenario), just prior to 
the calving season. To assess the effect of timing of testing, two alter-
native test dates were considered: 1) shortly after calving in week 14, 
and 2) towards the end of the grazing period in week 35. Given the 
absence of precise knowledge, test-positive IH cows were assumed to be 
highly positive (Camanes et al., 2018). Highly test-positive cows were 
removed from the farm within 4 or 13 weeks after testing to assess the 
effect of rapid and late removal. The sale of offspring was based on 
adaptations from the French model (Camanes et al., 2018) because no 
clear information was available on which age offspring are sold in 
Ireland. Therefore, we assumed that offspring younger than 21 weeks 
were sold at 21 weeks of age and offspring older than 21 weeks were sold 
at 90 weeks of age. Details of all model parameters for processes related 
to Map control are in Supplementary material Table S2. All control 
strategy combinations were explored (Table 2). 
2.4. Simulations 
The simulation time step was one week, 52 weeks made up one year, 
and 15 years were simulated. Each scenario was iterated 1000 times to 
adjust for variation caused by stochasticity. At the start of each simu-
lation (in the first week of the first year), Map was introduced into a fully 
naive herd through the purchase of a moderately infectious (IM) 
Fig. 2. Schematic overview of herd management in a typical Irish spring calving dairy herd.  
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primiparous cow. Except for this purchase, we assumed that the herd 
was closed for the simulation period of 15 years. Map persistence, 
prevalence, incidence, age at infection, and the main transmission routes 
were assessed. Infection was considered to persist when at least one 
infected animal was present in the herd or when Map was present in the 
environment. 
The model was developed in C++ Standard 14 (Stroustrup, 2000). 
Outputs were analysed in R version 3.6.1 (R Core Team, 2018) using 
packages viridis (Garnier, 2018) and ggplot2 (Wickham, 2016). 
3. Results and discussion 
3.1. Persistence of Map infection 
Extinction is defined as disease clearance, i.e., the opposite of 
persistence. The probability of extinction 15 years after Map introduc-
tion ranged between 57.3 and 67.8 % for a typical Irish dairy herd with 
seasonal calving when calves and cow had contact on pasture, and be-
tween 70.6 and 81.1 % when calves and cows were separated on pasture 
(Fig. 3A,B). In a typical medium-size French dairy herd with all-year 
round calving and no control strategy, a similar probability of extinc-
tion within 15 years of 66 % was predicted (Marcé et al., 2011b). Early 
extinction (within the first two years following introduction) occurred in 
about 20 % of the cases when calves and cows had contact on pasture, 
and in about 30 % of the cases when they were separated. In France, the 
probability of early extinction was higher at 43 % (Marcé et al., 2011b). 
Calving and related herd management practices are seasonal in Ireland 
and mainly all-year-round in western France. Therefore, the exit pattern 
of cows from a herd is different. In Ireland, as presented in the model, 
cows are usually culled once a year, after dry-off at the end of the grazing 
season (week 47). At this time, around 22 % of the cows are culled to be 
replaced by in-calf heifers at the beginning of the following year. Exit 
rates of cows during the rest of the year are low, meaning that the first 
infectious cow introduced into the herd has a high probability of 
remaining in the herd for almost a year until culling. Even if the cow 
were removed from the herd, it has already contaminated the environ-
ment for some weeks. It takes some time before Map disappears from the 
environment even when no infectious animal is present, thus infection 
persists (Fig. 3C). When cows are culled all-year-round, as is often the 
case in France, they have a higher chance of being removed from the 
herd over the course of a year and before heavily contaminating the 
environment. These differences could explain the greater probability of 
early extinction in France compared to Ireland. 
Control strategies did not affect the probability of extinction within 
the first five years after Map introduction (Fig. 3A,B). Thereafter, culling 
of highly test-positive cows increased the probability of extinction in a 
herd. Culling highly test-positive cows within four weeks of detection in 
week 1 was most effective, with an absolute 10 % greater probability of 
extinction compared to scenarios with no control strategy. Removing 
offspring of highly test-positive cows did not affect the probability of 
Map extinction. 
3.2. Prevalence within persistently infected herds 
For herds in which infection persisted for at least 15 years, the mean 
prevalence at the end of the simulated period (15 years) was highest 
when calves and cows had contact on pasture (63.5 % infected (IT, IL, IM, 
and IH), 27.6 % infectious (IT, IM, and IH), and 4.4 % highly infectious 
(IH) animals; Fig. 4A). Fig. 4 shows the prevalence averaged over all 
stochastic repetitions in which Map infection persisted for 15 years. 
Note, however, that despite the same initial conditions the change in 
prevalence over time can be very different from one replicate to another, 
therefore a large range of prevalences was observed (Supplementary 
material, Figure S11). In Ireland, the prevalence of infected animals 
within infected herds was estimated to be 13.7 % (McAloon et al., 2016). 
According to our model, this prevalence level could be reached on 
average five years after Map introduction in a herd, irrespective of the 
control strategy. 
Five years after Map introduction, control strategies started to have a 
positive effect on the within-herd prevalence. Compared to herds with 
no control strategy, the average prevalence after fifteen years was ~15 
% lower (absolute decrease) when cows were culled within 13 weeks 
Table 1 
Overview of parameter values for a typical Irish spring calving dairy herd.  
Parameter definition Value Source 
Weaning age (weeks) 14 a 
Age weaned calf becomes young 
heifer (weeks) 
52 b 
Time young heifer becomes bred 
heifer (week) 
45 b 
Age at first calving (weeks) 104 (Teagasc, 2016) 
Calf mortality rate at birth 
(fraction) 
0.043 (Mee, 2013; Mee et al., 2008) 
Exit rate (week− 1)c:   
1 and 2 weeks of age 0.018 d 
Week 3 to weaning 0.0025 d 
Weaning to first calving 0.00024 d 
Parity 1 0.00047 (Maher et al., 2008) 
Parity 2 0.00043 (Maher et al., 2008) 
Parity 3 0.00043 (Maher et al., 2008) 
Parity 4 0.00044 (Maher et al., 2008) 
Parity 5(+) 0.00229 (Maher et al., 2008) 
Replacement rate 0.22 a 
Culled fraction (once per year):   
Bred heifers 0.1800 a 
Parity 1 0.1120 a 
Parity 2 0.0588 a 
Parity 3 0.0700 a 
Parity 4 0.2184 a 
Parity 5(+) 0.5796 a 
Cull bred heifers and cows in 
week 
47 (Butler et al., 2010; Maher et al., 
2008) 
Start grazing (week):   
Unweaned and weaned calves 16 (Bloemhoff et al., 2014) 
Young heifers 11 (Bloemhoff et al., 2014) 
Cows 9 (Bloemhoff et al., 2014;  
Ramsbottom et al., 2015) 
End grazing all animals (week) 45 (Bloemhoff et al., 2014;  
Ramsbottom et al., 2015) 
Faeces produced by (kg/day):   
Newborn calf / unweaned calf 0.4 a 
Weaned calf 4.1 a 
Young heifer 7.5 a 
Bred heifer 22.5 a 
Cow 22.5 a  
a Expert opinion. 
b Model assumption. 
c The rate with which animals leave the herd. This can have several reasons: 
death, culling, selling, etc. 
d Agricultural statistics. 
Table 2 














as high positive 
(IH) removed 
(%) 
1 Contact No – – 
2 Separate No – – 
3 Contact Yes 13 0 
4 Separate Yes 13 0 
5 Contact Yes 13 100 
6 Separate Yes 13 100 
7 Contact Yes 4 0 
8 Separate Yes 4 0 
9 Contact Yes 4 100 
10 Separate Yes 4 100  
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after testing highly positive in week 1 and ~28 % lower when cows were 
culled within 4 weeks after testing highly positive in week 1 (Fig. 4). In 
simulated French all-year-round calving dairy herds, a short interval (4 
weeks) between testing and culling was important when the within-herd 
prevalence was between 7% and 21 %. For higher prevalences, the in-
terval between testing and culling was no longer relevant (Camanes 
et al., 2018). In contrast, in simulated Danish dairy herds, immediate 
culling of repeatedly ELISA-positive cows was an effective strategy to 
reduce the prevalence, while delayed culling kept the prevalence con-
stant at 5, 25, or 50 % depending on the scenario (Kudahl et al., 2008). 
For the scenarios that we simulated, mean prevalences increased over a 
15-year time period even with calf separation and culling of test positive 
IH cows albeit at a lower rate of increase compared to herds that did not 
implement control strategies. Furthermore, in herds practicing calf 
separation and the culling of high test-positive cows within 4 weeks, 
mean prevalence stabilized at around 20 % towards the end of the 
15-year simulation period (Fig. 4B). 
For all tested scenarios, mean prevalence of highly infectious cows 
(IH) remained relatively low over time (4.4 % maximum after 15 years). 
Thus, with an average herd size of 112 animals, on average there will be 
five highly infectious and possibly affected (that is, presenting clinical 
signs) cows in a herd. Fig. 5 shows the distribution of the within-herd 
prevalence according to the number of IH cows present in the herd. 
When the number of IH cows in a herd was low, a broad range of 
prevalences was observed (Fig. 5). Thus, based on the number of clinical 
cases observed, the within-herd prevalence could be even higher than a 
farmer is expecting, the so-called “Iceberg effect” (Magombedze et al., 
2013). 
Mean within-herd prevalence was not different in herds where 
offspring were removed compared to herds where offspring were kept. 
IH cows have a high probability (0.65) of giving birth to Map-positive 
offspring (compared to 0.149 for IT, IL, and IM cows). Therefore, one 
might expect that IH cows would contribute substantially to Map 
dispersion in a herd and that removing their offspring would be an 
effective control measure. However, when the within-herd prevalence is 
low (e.g., when infection does not persist in the long run), the number of 
Fig. 3. Percentage of herds in which Mycobacterium avium subspecies paratuberculosis (Map) infection persisted over time. Infection was considered to persist when at 
least one infected animal was present in the herd or when Map was present in the environment. Cows that tested highly positive in week 1 were culled within 13 or 4 
weeks and offspring of these cows was either kept or removed. A) Cows and calves could have contact on pasture, B) Cows and calves were separated on pasture, C) 
The proportion of herds in which Map persisted, in total (black solid line), in at least one infected animal (yellow dotted line), and in the environment (green dashed 
line), for herds where cows and calves were separated on pasture and no control strategy was implemented. Other simulated control scenarios showed similar 
patterns. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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IH cows in the herd is also low (Fig. 5). Because there are few IH cows, the 
number of Map-positive offspring born to IH cows is also low. In such a 
situation, removing offspring of test positive IH cows has no additional 
effect on the probability of extinction nor on the prevalence compared to 
removing the dam only, because the number of calves removed is low or 
even zero. In contrast, when the within-herd prevalence is high (e.g., 
when infection has already persisted for a long period of time), the 
number of IH cows in the herd is also relatively high (Fig. 5). Because 
there are many IH cows, the number of Map-positive offspring born to an 
IH cow is also high. However, the removal of the offspring of test positive 
IH cows in these situations has no effect on the within herd prevalence 
because the infection pressure from other transmission routes, for 
example from the contaminated environment, is also high. This means 
that calves that are Map-negative at birth have a high chance of being 
infected within their first year of life. Removing offspring of IH test 
positive cows will only marginally reduce within-herd prevalence. This 
was also observed in France where, irrespective of the starting preva-
lence, culling calves born to infected cows detected as infected had no 
effect on within-herd prevalence over the longer term (Camanes et al., 
2018). 
3.3. Effect of test date on Map persistence 
To assess the impact of timing of testing, we considered three al-
ternatives: testing yearly in week 1 (the reference scenario), testing 
yearly in week 14 shortly after calving, and testing yearly in week 35 
towards the end of the grazing period. Fig. 6 presents the proportion of 
repetitions in which Map persists by timing of testing, for the scenario 
where calves and cows could have contact on pasture and the offspring 
of test positive cows were kept. For other scenarios (variations of con-
tact/separation on pasture, offspring kept/removed), similar patterns 
were observed (Supplementary material, Figure S12). The first five years 
after Map introduction, test date does not have an effect on the proba-
bility of persistence (Fig. 6A). However, over a longer period of time, the 
probability of persistence differs with different timing of testing, after 
accounting for the stochasticity of the model results (Fig. 6B). Persis-
tence after 15 years of simulation was higher when animals were tested 
in week 14, or in week 1 and culled 13 weeks later, compared to when 
animals were tested in week 35, or in week 1 and culled 4 weeks later. 
These differences can be attributed to the timing of the calving season 
which commences in Ireland in week 4 and ends in week 13 (Supple-
mentary material, Figure S4). Cows that test high positive in week 1 
followed by rapid removal are culled in week 5, i.e., at the beginning of 
the calving season. Therefore, they neither give birth to a possibly 
infected calf nor contribute to the infection pressure during the calving 
period when young, highly susceptible calves are present on the farm. In 
contrast, cows identified in week 1 followed by delayed removal will be 
culled in week 14, immediately after the calving season ends. Therefore, 
they may both give birth to an infected calf and contribute to the 
infection pressure during the calving period. Cows that test high positive 
in week 14 are, irrespective of the culling strategy, present during the 
calving season at the beginning of the year and have a high probability 
of being a high shedder at that time. Cows that test high positive in week 
35 are, with rapid removal, culled in week 39, i.e., before cows are 
housed again in week 45. Therefore, they do not contribute to the 
infection pressure of the general indoor environment. With delayed 
culling, they are culled in week 48, thereby contributing to the infection 
pressure of the general indoor environment for only a short period of 
Fig. 4. Mean prevalence of all infected animals (IT, IL, IM, and IH; solid line) and of only highly infectious animals (IH; dotted line) over time in herds where 
Mycobacterium avium subspecies paratuberculosis (Map) infection persisted for 15 years. Cows and calves could either have contact on pasture (A) or be separated on 
pasture (B). Cows that tested highly positive were culled within 13 or 4 weeks and the offspring of these cows was either kept or removed. 
Fig. 5. Variation of the within-herd prevalence with regards to the number of 
highly infectious animals (IH) in the herd, without any control and when calves 
and cows had contact on pasture. Each box contains values between the first 
and the third quartiles, the horizontal line corresponding to the median. Ver-
tical lines outside the boxes extend to 10th and 90th percentiles. 
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time. When testing and culling is performed towards the end of the year, 
the number of highly infectious cows present during the subsequent 
calving season is also low. 
These results highlight the need for farmers to consider the optimal 
time to testing and culling, with the aim to minimize the number of 
highly infectious cows that might be present when calves are being born. 
Other factors to consider when determining the optimal time to test for 
paratuberculosis are the interval between calving and testing, and the 
interval between testing for bovine tuberculosis and testing. Test spec-
ificity is reduced during the first week after calving (Nielsen and Toft, 
2012) and within three months of testing for tuberculosis (Picasso-Risso 
et al., 2019). 
3.4. Relative importance of transmission routes 
The most important transmission route was the general indoor 
environment, followed by in utero transmission (Fig. 7). However, when 
calves and cows had contact on pasture, the second most important 
transmission route during the first four years after Map introduction was 
the local environment, thereafter, it was in utero transmission. The local 
environment did not contribute significantly to transmission when 
calves and cows grazed separately on pasture. For all herds, colostrum 
and milk were minor transmission routes. The relative contribution of 
transmission routes over time in scenarios with control strategies in 
place showed similar patterns. These results are in contrast with 
farmers’ perceptions that transmission via milk, not the environment, 
was the most important transmission route (McAloon et al., 2017). 
However, in this model, transmission via colostrum/milk is defined 
Fig. 6. Comparison of the proportion of herds in which Mycobacterium avium subspecies paratuberculosis (Map) infection persisted among 6 test-and-cull scenarios: 
variation over time (A), and distributions over 10 repetitions of 1000 stochastic runs 15 years after Map introduction (B). In all scenarios, calves and cows had contact 
on pasture and offspring of cows that tested highly positive was kept. Cows that tested highly positive were culled within 13 or 4 weeks. Cows were tested in week 1 
(grey), 14 (orange), or 35 (blue). Each box contains values between the first and third quartiles, the horizontal line corresponding to the median. Whiskers extend to 
lower observed point that falls within the first quartile – 1.5x interquartile range and the largest observed point that falls within the third quartile + 1.5x interquartile 
range. Points represent outliers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Fig. 7. Relative contribution of Mycobacterium avium subspecies paratuberculosis (Map) transmission routes over time and without any control. Calves and cows had 
contact on pasture (A) or were separated on pasture (B). 
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strictly as transmission via ingestion of colostrum or milk that is 
contaminated directly or indirectly with faeces in the liquid itself (Marcé 
et al., 2011b). Thus, for example, transmission via faecally contami-
nated buckets used to feed calves is considered to be part of the trans-
mission via the general indoor environment (Marcé et al., 2011b). These 
results are similar to those found for a typical all-year-round calving 
dairy herd in France, where after 15 years ~80 % of transmission 
occurred via the general indoor environment and ~20 % in utero (Marcé 
et al., 2011b). 
3.5. Incidence 
Fig. 8 shows the relative incidence over the course of an average year 
with transmission routes specified. Highest incidences were observed 
between weeks 4 and 14, when calves were infected in utero or via the 
general indoor environment. A drop in incidence was observed after 
week 9, noting at this point that cows go to pasture and do not subse-
quently contribute to the general indoor environment. Later, when 
calves were sent to pasture and came into contact with cows, trans-
mission via the local pasture environment was observed (Fig. 8A). At the 
end of the grazing season (week 45), there was a slight increase in 
incidence because of transmission via the general indoor environment. 
The incidence of infection over the course of a year in scenarios with 
control strategies in place showed similar patterns. Thus, there is sea-
sonality in the incidence over the course of a year. Around calving, in-
cidences are high, with calves being infected in utero or via the general 
indoor environment, the remainder of the year incidences are relatively 
low with calves infected on pasture when there is contact with cows. 
When looking at the age at infection (Fig. 9), most of the infected 
animals were newborns infected in utero or via the general indoor 
environment. Infections became less frequent as calves aged. For calves 
that had contact with cows on pasture, a slight increase in incidence was 
observed at 14 weeks of age (weaning). In scenarios with control stra-
tegies in place, similar incidence patterns were observed. These results 
show, similar to France, that exposure of especially young calves to an 
environment contaminated with faeces from adult cows should be 
avoided (Marcé et al., 2011a, 2011b; Camanes et al., 2018). 
3.6. Herd demographics 
We adapted a stochastic individual-based epidemiological model to 
study Map transmission in a typical Irish dairy cattle herd under the 
hypothesis that results from an all-year-round production system could 
not be directly extrapolated to a seasonal production system. In French 
all-year-round calving herds, the level of exposure of calves to 
contaminated environments and the age of calves when exposed to 
adults each had a large effect on Map transmission (Marcé et al., 2011a). 
Although there is seasonality in incidence, conclusions for Ireland are 
similar. Map is mainly transmitted during the first weeks of life and via 
environments contaminated by adult cows, e.g., the general indoor 
environment and, when cows and calves are kept adjacent to each other, 
the local pasture environment. 
3.7. Model assumptions 
We modelled Map transmission in dairy herds that did not introduce 
animals, except for the infected primiparous cow that initiated the 
infection. More frequent introductions of (infected) animals would 
likely increase both the probability of Map persistence and the within- 
herd prevalence. In Brittany (France), introducing a second infected 
animal increased the probability of persistence 5 years after the first 
introduction from 30 % to 60 %, while introducing five or more infected 
animals resulted in a probability of persistence of 90 % (Beaunée et al., 
2015). Furthermore, within-herd prevalences five years after introduc-
tion increased with the number of infected animals introduced, albeit 
less rapidly compared to the probability of persistence (Beaunée et al., 
2015). These results were obtained with a spatio-temporal model that 
accounts for herd demographics, within-herd Map transmission, and 
between-farm Map transmission through animal trade (Beaunée et al., 
2015, 2017). Adapting this model to the Irish farming setting where 
animal trade patterns might be different from Brittany, would give 
insight into whether conclusions derived from this model are applicable 
also in Ireland. 
4. Conclusion 
We adapted the French stochastic individual-based epidemiological 
simulation model to account for seasonal herd demographics, and used 
it to investigate the probability that Map persists in a typical Irish dairy 
cattle herd over time, the within-herd prevalence over time, and the 
relative importance of transmission pathways. We assessed the relative 
effectiveness of test-and-cull control strategies under two options of calf 
Fig. 8. Relative Mycobacterium avium subspecies paratuberculosis (Map) incidence per week of an average year with contribution of transmission routes specified for 
herds in the absence of control. Calves and cows had contact on pasture (A) or were separated on pasture (B). 
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management on pasture. We found that extinction within 2 years after 
Map introduction is lower when compared to herds with all-year-round 
calving, possibly because the initial infectious cow has a higher proba-
bility of remaining in the herd for almost a year. However, extinction 
before 15 years after initial introduction is not different from a non- 
seasonal calving herd. The general indoor environment is the most 
important transmission route followed by in utero transmission. Similar 
to herds without seasonal demographics, calf exposure to environments 
contaminated by cows should be avoided, especially for young calves 
which are the most susceptible. Separating cows and calves on pasture is 
an effective control strategy that reduces persistence and within-herd 
prevalence. Testing and culling is an effective control strategy when it 
is used prior to the calving period, to minimize the number of highly 
infectious cows present when calves are being born. 
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